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Introduction
Traditional 2-dimensional (2-D) laminated composite materials are subject to delamination because they merely rely on matrix material to hold the individual layers together. To date, various methods of through-thickness reinforcement have been used to improve delamination resistance such as stitching, Z pinning, and 3-dimensional (3-D) weaving (Fig. 1) . The stitching method uses needles to insert fiber strands through the thickness of the material and provides binding. 1,2 The Z-pinning method inserts small pins via ultrasonic vibrating motions; however, each of these pins are independent and not connected to each other. [3] [4] [5] Both of these methods tend to produce damages to the in-plane fibers from the insertion process. 3, 6 The 3-D weaving enables a way to integrally bind the individual layers together without initiating any damages into the preforms. 7 Thus, 3-D woven composites provide a promising solution for mitigating the onset and spread of delamination failures in composite materials. 8 Recent developments in Jacquard looms has enabled 3-D weaving technology to produce a variety of new architectures 9 for reducing delamination. It is critical to understand the mechanical responses of these architectures to maximize their benefits. Two different experimentations were conducted on 6 distinct 3-D woven architectures to determine the architectural effect on mechanical properties. The first experiment was a V-notched rail shear test to establish the in-plane shear modulus and shear strength of the architectures. A postfailure analysis was performed to determine any architecture-related features that could be identified. The second experiment was a short beam shear test to determine the effective through-thickness shear response of the material.
Specimen Configurations
The 6 different 3-D woven architectures described in this report were originally designed by the US Army Research Laboratory (ARL). The design specifications were provided to a textile weaver, Textile Engineering and Manufacturing (TEAM), Inc., for preform fabrications as a part of cooperative agreement between ARL and TEAM. The 3-D woven architecture properties were compared and evaluated with plain weave 2-D laminate composite samples (Base). An analysis of the yarn fraction in each orientation is shown in Table 1 . The 3-D architecture configurations and the base configuration are briefly described as follows:
• The 3% Z-fiber: In this orthogonal 3-D design, approximately 3% of the total fiber was used as warp weavers (Z-fibers, orthogonal to the in-plane fibers). The Z-fibers wove all the way from the top surface to the bottom surface to interlock the in-plane fibers.
• The 6% Z-fiber: In this orthogonal 3-D design, approximately 6% of the total fiber used was warp weavers (Z-fibers, orthogonal to the in-plane fibers). The Z-fibers wove all the way from the top surface to the bottom surface to interlock in-plane fibers.
• The 10% Z-fiber: In this orthogonal 3-D design, approximately 10% of the total fiber used was warp weavers (Z-fibers, orthogonal to the in-plane fibers). The Z-fiber wove all the way from the top surface to the bottom surface to interlock the in-plane fibers.
• The 12° angle interlock: In this 3-D woven configuration, the warp weavers wove all the way from top surface to the bottom surface at ±12° angle to interlock the in-plane fibers.
• The 20° layer-to-layer: In this 3-D design, each warp weaver wove at ±20° to interlock 2 adjacent in-plane fiber layers.
• The 60° layer-to-layer: In this 3-D design, each warp weaver wove at ±60° to interlock 2 adjacent in-plane fiber layers. For each of the 3-D woven architectures, the in-plane fibers were made using 250 yield S-2 glass, and the warp weavers were made of 1,250 yield S-2 glass fibers. 
Matrix
SC-15 (Applied Poleramic, Inc., Benecia, CA), a thermosetting epoxy, was infused into the preforms. It is a low-viscosity 2-phased toughened epoxy resin system consisting of part A (resin mixture of diglycidylether epoxy toughener) and part B (hardener mixture of cycloaliphaic amine poluoxylalkylamine). 12 The mechanical properties of SC-15 are as follows:
• E11: 2.487 GPa 
Fabrication and Void Content
Infusion
Panels were made using a vacuum-assisted resin transfer molding system. See Pankow et al. 13 for further details regarding panel fabrication.
Void Content
To determine the degree of impregnation, fiber burnout was performed to determine the void content of the specimens. This procedure is based on American Society for Testing and Materials (ASTM) standard D2734. 14 The results of the burnout method are shown in in Table 2 , which indicates the volume fractions and densities. According to the calculations, the void content is within the manufacture's specification. The postburnout images shown in Fig. 3 provide some details of the architectures and the movements of the Z-fiber in the different planes. 
Experiment
The quasi-static rail shear and short beam shear tests were performed on the 6 different 3-D architectures as previously described. The data represents the average of 5 specimens that were repeatedly tested in the exact configuration. Testing was performed with 3 different orientations: 0°, 45°, and 90°. The orientations are as indicated in Fig. 4 . These different orientations give insight to the weft (0°) and warp (90°) response and the 45° orientation. The results were compared with plain weave 2-D laminate properties. 
V-Notch Rail Shear
V-notched rail shear tests were performed in accordance with ASTM standard D7078. 15 Specimens were cut from quarter-inch-thick panels with overall dimensions of 3 × 2 inches with a shear notch length of 1.2 inches; a sample geometry can be seen in Fig. 5 . Samples were loaded at a rate of 0.05 inch/min (1.0 mm/min). The stress was derived from the data from the load cell and specimen geometry, while the strain was derived from digital image correlation (DIC) measurements on the surface of the material. The DIC strain results were based on the average strain measured in the test section. 
Short Beam Shear Test
Short beam shear tests were performed in accordance with ASTM standard D2344. 16 Specimens were cut from the quarter-inch-thick panels to produce relatively small specimens due to the fact that the width and length were twice and 6 times the thickness (0.25 inch) of the specimen, respectively (Fig. 6) . The specimens were loaded at a rate of 0.05 inch/min (1.0 mm/min). The average and standard deviation values were obtained from 6 tested samples. The test results of the 3-D samples might not reflect the true properties of the material since the test standard was developed for laminated composites only. The effective inter-laminar shear strength can be calculated as follows:
where PB is the maximum load, w is the width, and t is the thickness of the specimen. Typically, layer-to-layer configurations may indicate higher resistance to shear compared to orthogonal architectures because the inter-layer movements in layerto-layer designs can provide additional reinforcements to shear. This assumption was not evident in the results shown in Table 3 ; however, it was observed that the 12° angle interlock architecture had the highest resistance to shear at 0° and 90° orientations. This was possibly related to the twisted nature of the 12° architecture, which formed a stronger binding of the tow bundles. The modulus obtained at the 45° orientation did not provide a meaningful comparison of the configurations because the load had not been directly transferred on the fiber bundles for this case.
The results indicated that the Z-fiber architectures had some reduction in moduli. Among the orthogonal configurations, the 6% had the largest reduction in shear modulus-around 9% drop at both 0° and 90° orientations.
In-Plane Shear Strength:
The shear stress yield strength values obtained from the test are provided in Table 4 . The yield strength of the material was calculated from stress-strain response. A 0.2% plastic strain offset method was used to calculate the yield of the material. Table 4 compares the maximum shear strength for each of the architecture per orientation. At 45° orientation, yield stress could not be measured from the stressstrain curves as most of the samples did not have a yield. Therefore an ultimate strength was calculated instead. The results indicated that the 12° architecture produced the highest yield strength at each orientation. It was observed that all of the orthogonal Z-fiber configurations had a significant reduction (nearly 25%) in strength compared to the base. This might be due to an early onset of failure induced by the Z-fibers. Although the 6% had the highest reduction in shear modulus, it had the lowest reduction in shear strength compared to the other orthogonal configurations.
Shear stress-shear strain curves from the in-plane shear experiments are shown in Fig. 7 . The curves indicated a bilinear response with a linear elastic portion and a plastic region where the progressive damages began to form in the samples. Based on the stress-strain curves, it was notable that the 12° configuration outperformed the other architectures in terms of shear strength and moduli. Another observation made from the curvatures was that the plastic portion of the base material showed a decrease in strength beyond its peak value. This was not the case for the 3-D woven architectures as the plastic zone of these materials indicated an upward slope. The 3-D materials had become more stable after initial failure likely caused by the matrix material and continued to carry further load through the fiber bundles. This indicated that under this type of loading condition, 3-D materials would likely exhibit higher energy absorption than 2-D materials. 
V-Notched Rail Shear Specimen Failure Analysis
The failed specimens were analyzed using a dye penetrant. Figure 8 shows images of the specimens after failure and dye penetration. Some of the surfaces of these samples showed architecture dependent cracking. For example, at 0° and 90° orientations, the orthogonal samples displayed surface crack formations that mimicked the Z-fiber patterns of the individual architectures. In the 6% samples, vertical cracks were visible that bridged 2 adjacent weft tows. In the 3% samples, cracks were formed along the Z-fibers, which bound a single weft tow. Additionally, it was noticed that most fiber yarns were no longer aligned with the original test orientations as they underwent plastic deformation to a degree.
It was difficult to analyze the failure modes of the layer-to-layer and angle interlock samples due to their complex architectures. For the 20° and 60° samples, a limited degree of cracks formed near the V-notch areas. It was assumed that the individual cracks were formed along the warp tows at 0° and 90° orientations. These specimens showed very little damages at the 45° orientation because the warp and the weft fibers had likely allowed the load to propagate to the core of the specimens.
For the 12° angle interlock samples, it appeared that the individual cracks were connected with each other, which was likely due to the load carried by the interlocking warp fibers after the initial failure. This observation could provide a possible explanation for the test results, which indicated that 12° samples absorbed a significant amount of energy. Table 5 provides a comparison of the effective stiffness of the materials. The effective stiffness was calculated by measuring the initial slopes from the loaddisplacement curves. Based on the results, at 0° orientation, the 6% Z orthogonal configuration had the highest effective bending stiffness. The base material and 3% Z-fiber configuration were second and third in ranking, respectively. The layer-tolayer architectures showed a considerable drop in bending stiffness. All of the 3-D materials demonstrated the highest stiffness response at 0° orientation. As previously mentioned, these materials had a lower property response at the 45° orientation because the individual fibers in the specimens did not directly carry the load. Comparing the data at 0° and 90° orientation, the 3-D materials had higher stiffness properties at 0° orientation because these configurations contained higher amount of weft (0°) fiber layers compared to the warp (90°) layers. In addition, the weft layers were always at a higher distance from the center of the specimen, which might have increased the bending stiffness. Fig. 9 showed the load-displacement curves obtained from the experiments. All of the curves had a linear elastic region followed by failure in the material. The layerto-layer architectures indicated notable reduction in strength after the onset of failure compared to the other configurations. At 0° and 90° orientation, the 12° angle interlock and 60° layer-to-layer materials displayed upward slopes beyond their initial failure points, indicating an increase in strength. This could be advantageous in energy absorption since this behavior generally represents a stable energy dissipation mechanism. 
Short Beam Shear Test Results and Discussion
Shear Slope
Shear Strength
Short Beam Shear Test Specimen Failure Analysis
To further understand the degree of damage induced in the specimens, a dye penetrant was placed on the surface of the specimen and illuminated under ultraviolet light. Figure 10 shows the tensile surface of the specimen. Figure 11 shows the side of the specimen where delamination was more visible. It was difficult to evaluate the damages in the specimens as the extent of damages varied widely. This was because the specimens were run to different final displacements during the test. All of the architectures showed cracks forming along architecture dependent paths. These cracks formed at stress-concentrated areas, which were directly related to the architectural features. Similar failure modes in 3-D materials were noted by Walter et al. While the 2-D base composite produced a widespread delamination, the 3-D architectures generated a limited amount of delamination. For the Z-fiber configurations, all of the specimens showed matrix crack formations due to tension. These cracks formed periodically. The space between 2 adjacent crack lines resembled the Z-fiber spacing of a representative architecture. Investigating the sides of the specimens, it was visible that most of these cracks formed around the boundary of a fiber tow bundle and stopped progressing near the Z-fibers. Some of the cracks bridged across a matrix pocket where Z-fibers were not present. Additional cracks formed around the Z-fiber where the matrix material was loaded in tension.
The layer-to-layer and angle interlock 3-D configurations showed architecture dependent cracking as well. Because of the complexity of the architecture, it was difficult to pinpoint the characteristics of the cracks on this surface. The sides of the specimens (Fig. 11) showed that the cracks typically followed the path of a fiber tow bundle and oscillated through the thickness of the material. Some localized cracking was observed along with kink formations under the loading head from the compressive stresses. Overall, the layer-to-layer and angle interlock materials appeared to have lesser degree of damage due to the localized cracking. This could provide an explanation for the stable failure in these architectures identified in the load-displacement curves.
Conclusion and Discussion
Quasi-static V-notch rail shear and short beam shear tests were conducted on 6 different 3-D woven architectures including orthogonal, layer-to-layer, and angle interlock configurations to understand their in-plane and through-thickness shear responses. The results were compared with 2-D base materials. Overall, the results obtained from the 2 tests demonstrated that if the through-thickness shear properties of a material were to increase, the in-plane shear properties would likely decrease.
The results generated from rail shear test indicated that the angle interlock architecture provided the best resistance to shear. This could be due to the interlayer movement of the fiber providing higher resistance. The orthogonal architectures exhibited a significant reduction in shear strength and modulus. This was a contrast from the previous study where the same orthogonal architectures did not indicate a major reduction in properties under quasi-static tensile and compressive loading conditions.
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The through-thickness shear responses of the material achieved from the short beam shear testing indicated that the 3% and 6% Z-fiber architectures demonstrated consistent through-thickness shear properties with minimal reduction in strength and moduli. The layer-to-layer and angle interlock architectures had a reduction in bending stiffness compared to that of the orthogonal and base configurations. This could have resulted from the waviness nature of the warp fibers. The loaddisplacement curves indicated that although the layer-to-layer and angle interlock architectures had a premature failure, they continued to carry further load after initial cracks. This suggests that the delaminations were localized in these materials, which allowed them to sustain higher loads and dissipate large amounts of energy. 17 Different damage modes had been investigated by Walter et al. 18 that suggested that the through-thickness failure might originate from the reinforcement architecture. Damage modes were also investigated by conducting End Notch Flexure tests to study the interlaminar fracture toughness where the results showed steady crack propagation in orthogonal architectures and localized delaminations in layer-tolayer architectures under the loading head. 
